
COTORACT NONR-04100 MARCH,  195» mbnu 

OFFICE OF HAVAL RESEARCH 

WASHINGTON, D.  C. 



1NÜT1TITIE OP GAS TSCHHOLOGFg 
TECHNOLOGY CENTER 
Chicago 16, Illinois 

A STÖD5T OP THE FUNDAMENTALS OF COMBUSTION 

Empört No. 9 

5y 

H. F. Qulnn 
E* F. S®apig|it 
R. E. Pack 

Contract NCNR-04100 
for 

OFFICE OF NAVAL RESEARCH 

Washington, D. C. 



LIST OF TABLES 

I. Miss Spectrometer Analysis of Oases Used for Datwmination 
of the Burning Velocities of the Cfy-O^Ng system at 2250°K 

II. Burner Inlet Gas Compositions for the Methane-Oxygen-Nit 
System at a Theoretleal Adiabatio Flams Temperature of 
at One Atmosphere Pressure. 

III. Equilibrium Composition of the Products for the MB thane- Oxygen- 
NitrogenSystem at a Theoretical adiabatio Flams Temperature 
of 2250°K at One Atmosphere Pressure. 

17.  Experimental Data for the Methane-Oxygen-Nitrogen System at 
2250°K and One Atmosphere Pressure. 

V. Burner Inlet Oca Compositions for the Methane-Oxygsn-Argon and 
Methane-Oxygen-Belium systems at a Constant Theoretical Adiabatio 
Flame Temperature of 22509K at One Atmosphere Pressure. 

VI. Equilibrium Composition of the Products for the Methane-Oxygen- 
Argon and Methane-Oxygen-Helium systems at a Theoretical 
Adlabatic Flams Temperature of 2250°K at Ons Atmosphere Pressure. 

LIST OF ILLUSTRATIONS 

1. Composition of the Reactant Mixtures for the Methane-Oxygen- 
Nitrogen System at 2250°K and One Atmosphere Pressure. 

2. Comparison of the BurningVelocities of the Methane-Oxygen- 
Nitrogen Systems at 2250°K and 2000°E, One Atmosphere Pressure. 



SUMMARY 

This report presents the work performed during the period July 1, 

1953, to December 31, 1953, on "A Study of the Fundamentals of Combustion," 

Jointly sponsored by the Office of Haval Rssearoh, Science Division, 

Power Branch and by ths Institute of Qes Technology in the laboratories 

of the Institute of Gtas technology at Chicago, Illinois. 

The results of a study of ths burning velocity of the methane- 

oxygen-nitrogen system at a theoretical adlabatic flaae temperature of 

2250°K at one atmosphere pressure are presented. Ten mixtures which 

yield theoretical adlabatic flame temperatures of 2S50°K at one atmo- 

sphere pressure were calculated for each of the systems methane-oxygen- 

nitrogen, methane-oxygon-argon, and ioe thane-oxygen-helium. 

Ttm burning velocities of the letthane-cnargsti-frfti««»« «yet« st 

2250% «tit substantially higher than the burning velocities for the 

2000°K isotherm previously reported. For the system methane-oxygen- 

nitrogen at 2250°K a maximum burning velocity «as observed in the 7.0:1.0 

to 8.0:1,0 oxygen to methane mole ratio range, which is approximately the 

same as for the 2öööeX isotherm. 

EXEERIMEBTAL HS0C3DCRE 

The burning velocities were experimentally determined on a Toeppler- 

Schlleren type optical system. Combustion took place on a ons-quavter 

inch water-jacketed burner tube. The burner inlet composition was deter- 

sdLnted by a metering panel which incorporates the usual Jeweled-edge 

critical flow orifices. Bach of the mixture components was mstered 

separately through it» own critical flew orifice. The mass spectrometer 

analyses of those pure gas components are given In Table I. The sepa- 

rate streamswere joined at a mixing tee and passed to the burner. 



She cone height of the Ham was measured from flam» photographs, 

enlarged on an average tö six «Haunters. The surface area of tbe flam» 

vas than calculated from the equatfeo 

 i 

Where VB - Burning velocity in ft./sec. 

VQ - Gas velocity in burner in ft ./sec. 

H > Flame height in centimeters, and 

D s Diameter of burner in centlBeters 

Ühia equation assumes the flaae shape to be that of a right circu- 

lar cone. 

Each of the burner inlet gas compositions vas calculated to yield 

a theoretical adiabatio flame temperature of 2250CK at one atmosphere 

pressure« 

übe burner inlet gases were fed at a Reynolds number of 1200 except 

for the Btoichlonetrlo mixture. It vas found necessary to decrease the 

flov rute öf this sixtur® to obtain a stable flame* 

DISCUSSION 

lea mixtures vere calculated for the methane-oxygen-nitrogen system 

at the 2250°K flame temperatures (Fig. 1 and fables II and III). lbs 

burning velocities of these mixtures vere determined on a one-quarter 

nt iTir^mi     r.iirvt    mimlMf*    Äw~.    ÄcvwwWirwiÄi   mw%,     w^n^Sitwm *£i • *^K» .          •rrm   »Ä     r.T sPi **vm    wwStmwJm    ÄW^PW    V rw"rwn«» 
•"**""• • • - •  - ••-" •   • - '••- *- —' "• • •      *   *"   • "  " •  

plate, the results to date are tabulated in Table IV and are shown 

graphically in Fig. 2. Data for the 2000°K Isotherm are also shown for 

©sssperison« 

It can be seen that at the Mgta» flame tanperature (2250%) the 

burning velocities vere considerably higher, fhe general shape of the 

burning velocity isotherm is the same as at the lover (2000°K) flame 



PROJ. B-143 FK3. HO. » 

CM 

I 

O 
t 

x 
o 
UJ 

ÜJ 
cc Q: 
p 3 
u. </> 

c/> 

a. 3 

UJ 
X 

I—  T 

2 
< 
UJ 
a: 
UJ 

o 

o 

if) 
O 

UJ 

2£ 

b 
m 
CM 
CM 

0\           1            yS 
),,/" 

OJ 

O
M

P
C

 
i 

   
 %

$
   

  f
   

  l
am

» 

0 </> 

1^„       cK. O 1 

e> 
Lu 

PROJ. B-143 O SCALE 
DATE 3-11-54 INSTITUTE OF GAS TECHNOLOGY 

O 
A. 2840 



PROJ. B-143 F,G. NO. 2 

3.2 

2.8 

£2.4 
u. 
>-* 

5 2.0 
O 
-J 
ÜJ 
> 

CC 

0.8 

0.4 

2250SK 

2.0 4.0 6.0 8.0 10.0        12.0 
MOLE  RATIO. OXYGEN TO METHANE 

COMPARISON OF BURNING VELOCITIES OF 
CH4-O2-N2   SYSTEMS AT 2250°K AND 
2000°KI ONE ATMOSPHERE PRESSURE 

PROJ. 3-143 
DATE 3-17-54 INSTITUTE OF GAS TECHNOLOGY 

SCALE 

A-2839 



temperature. A mxlmm value was experienced at an oxygsn to methane 

ratio of 8.0:1.0, on the isethene-oxygen-nitrogen 2000°K system. Tho aaoo 

system at 2250°K aaa found to aoehibit a similar «tsimiai burning velocity 

in the aaa» fuel*lean range of the Isotherm. The etolehiametrlo mixture 

resulted in blow-off at a Reynolds number of 1200. The flow rate of thia 

mixture aaa redueod to a Reynold* number of 825 for the burning velocity 

determination. 

Ten mixtures «ere calculated for th» methane-oxygen-argon and 

methane-oxygen-helium systems which yield a flame temperature of 2250°K 

assuming chemical and thermal equilibrium at the flame front and under 

adiabatio conditions. 

The burning velocities of theae two systems will be investigated for 

the purpose of comparison to the same systems at the 2000°K flame temper- 

sture. TJJ ^@"pQj»^j BO« 3 the possibility of nidisX d 1 ffuaion was psp®s*^s*tsd 

as being the cause for unexpected results on the methane-oxygen-argon 

2000°K system. Thia investigation, when completed, should establish 

whether this diffusional mechanism is of Importance. The results of 

these equilibrium calculations on helium and argon mixtures are presented 

In Tables V and VI. 

C0HCUJ3I08& 

(1) Raising the flame temperature from 2000°K to 2250°K displaces the 

burning velocity of the CB^-^-Hg ayatem throughout the range of 

iaotßeriös are similar • 

(2) Maximum burning velocities for the CH4-O2-N2 ayatem at both 2000°K 

and 2250°K were exhibited In the fuel lean range of the laotherms. 

RECQMHESDATIONS 

(l) Complete the present work on the 2250°K isotherm of the methane- 

oxygen-nltrogen system and correlate these results» 

m.    "%     «. 



(2) Complete measurement of the burning velocities fop the methane- 

oxygen-argon aid raethane-oxygen-ballum systems at 2250°!C. 

(3) Correlate these data and the pest (2000°K) data on the same systems 

with the transport properties of the systems. 



TAHJB I 

Anulva-fA 
^.'»:^vni/m7r>r^^n"wyjp7!Mt?T^ggg; 

Methane 
Molo % 

99.7 - Gfy 

0.1  -  CgHfc 

0.1 - COg 

0.1 - N«, 

SU 
99-7 - Og 

0.2 - COg 

0.1 - A 

Nitrogen 
Mol» W 

99.75 - Hg 

0.14 - Og 

0.01 - COg 

0.10 - A 

TABLE II 

BaaafiE latetLgM gfimaaJAiflM for the m^aam=£sasttstJS^ms^ 

Mole Ratio 
Gxyaen to 
M&thana 

Mol© Batlo 
Nitrogen to 
Methan» 

Mole Percent 
Me tha TV* 

Mole Percent 
Oxygen 

Mole Percent 
Mltrogen 

0#86 0.00 crx  OT 5.5. öf ^•w*. JLjjt 0*00 

1.2 2.16 22.93 27.52 49-55 

2.0 7.28 9.72 19.45 70.83 

3.0 6.48 9.54 28.63 61.82 

4.0 5.40 9.61 38.46 51.93 

5^0 4.31 9.70 48.49 41.82 

W.W j>» S3 9.7^ 3S.37 p±.6( 

7.0 & 9 Jh-^T 9.81 68.67 21.52 

8.0 1.15 9.85 78.77 11.38 

9s2 V»W 9«8l 90.19 0.00 



TABLE lit 

ftinil>r1nffl CoapQBlttQP of thft Prggygtig fgr^hp ttjt^aacrQagy^ 

SffKHS at ^aaawKCB BeataaBb. 
Datum Tenqperature 3009K 

Products 0.86 1.2 2.0 M. 4.0 

002 0.02524 0.03055 0.08608 0.09244 0.09390 

00 0.30721 0.15449 0.01033 0.00268 0.00101 

E^O 0.21129 0.22498 0.18726 0.18627 0.18726 

OH 0.00050 0.00054 0.00284 0.00?77 0.00691 

*2 0.45096 0.15896 0.00394 0.00095 0.00067 

°2 0.00000 0.00001 0.00529 0.09086 0.18440 

H Ö.ÖÖ49S 0.00296 Ö.Ö0047 0.00023 0,00019 

0 0.00000 0.00001 0.00029 0.00121 0.00172 

HO 0.00000 0.00610 0.00222 0.00859 0.01118 

«2 0.00000 0.41563 0.70128 O.6U88 0.5U15 

N 0.00000 0.00000 0.00001 0.00000 0.00000 



SMSUS HI (Cont'd) 

äuillbrium Corapoaltioo of the Products for tbo 
trogen Srstoo at a Theoretical Adlebatlo Plane kooperative of 

2250°K at One Atnoegbere Preoaure  

Datum temperature 30C°K 

Products 5.0 6.0 7.0 8.0 0.2 

COg 0.09*95 O.09587 0.09644 0.09671 0.09654 

oo 0.00156 O.OOI36 J&a   |%J%"% #%"| 0.00111 0.00101 

IfeO 0.18875 0.18941 O.I9OO6 0.19056 O.I9OO5 

OH O.OO770 O.OO833 0.00884 0.00927 0.00970 

% 0.00054 0.00047 0.00042 0.00038 O.OOO35 

02 0.28i6l 0.38019 Q JLTQAQ QR'TQO^ 0.69915 

H 0.00017 0.00016 0.00015 0.00015 0.00014 

0 0.00213 0.00247 0.00278 0.00305 3.00335 

SO 0.012^8 0.01248 0.0115L 0.00913 0.00000 

«2 0.41029 0.30903 0.20829 0.10853 0.00000 

9 0.00001 0.00001 0.00001 0.00000 0-OQQOO 



TAHia IV 

Experimental DRta for the Metbane-Qxygen-Hltrogen System at 2250°K and 
One Atooepbare Proeaugo 

<JL      JL Q U %t       VB 
ÜB** x> 

Volumetric Plow   Average Gtes 
Rata at 25°C &     Velocity at Reynolds     Burning 

Cone »Ufct            29.92" Hg       25°C-29.92"Hg »timber      Velocity% 
Port niWBMtai               (CFH)             W./Sao.) (Pt./Sac.) 

0.86 6.69 19.197 15.643 1200 1.55 

1.2 9.19 10.608 8.644 1200 0.64 

2,0 e Ac W      " ^^%^ 2J»C^*V One 

3.0 2.62 10.090 8.222 1200 2.03 

4.0 2.15 9.921 8.084 1200 2.38 

5.0 1.93 9.916 8.080 1200 2.64 

6.0 1.81 10.079 8.213 1200 2.83 

7.0 1.79 10.403 8.477 1200 2.95 

8.0 1.95 10.88?. 8.867 1200 2.94 

9-2 2.14 11.602 9.454 1200 2.81 



TABLE V 

Burner Inlet Gas Compositions for the He thai»-Oxygon-Argon and Methane* 
Oxygen-Efellum Systems at a Constant Theoretical Adiabatlc Plane Temper« 

ature of 2250°K at One Atmosphere Freseure 

Mole Ratio 
Oxygen to 
Methane 

Mole Ratio 
Inert to 
Methane 

0.00 

Mole 
Percent 
Methane 

Mole 
Percent 

9J5ZBSSL. 

46.13 

Mole 
Percent 

Argon or Helium 

0.86 53.87 0.00 

1.2 5.77 16.75 20.10 63.15 

1.6 8.16 9.29 14.87 75.84 

2.0 11.45 6e°4> 13.84 m  ^£   *" **•   '' 

3.0 10.59 6.85 20.57 72.58 

4.0 7.15 8.23 32.94 58.83 

5-0 7.14 7.61 38.04 54.36 

6.0 5.46 8.02 48.14 43.83 

7.0 3.75 8.51 59.58 31.91 

8.0 2.06 9.04 72.34 18.62 

9*2 0.00 9.81 90.19 0.00 



TABU! VI 

Equilibrium Ccopoeltion of the Products for the Jtothaiie~Oxyi2Ba«-ArgoD 
and Ifetbam-Otxygmi-H»llta> 9jntmm at a Theoretical Afliabatlo Flame 

Temperature of 2250°K at One Atmosphere Pressure 

Daten Temperature 300% 

GXXÖEN TO METHANE RATIO 

0.96 

00g 

CO 

OH 

*2 

0 

A or H» 

0.02524 

0.50721 

0.00030 

0.45098 

0.00000 

0.00000 

0.00498 

0.00000 

2*2. 

0.03074 

0.11666 

0.17609 

0.00049 

0.11719 

0.00000 

0.00254 

0.55629 

1.6 

0.04447 

0.04504 

0.13315 

O.OOO88 

0.02684 

0.00007 

0.00121 

0.73032 

2.0 

O.O5869 

0.01085 

0.13259 

0.00198 

0.00406 

0.00250 

0»QuOi30 

0.00047 

0.78925 

1&. 
0.06636 

0.00222 

Ö«332J*J9 

0.00454 

O.OOO78 

0.06795 

0#003.0# 

0.00021 

0.72351 

4.0 

0.07025 

0.00162 

Ö.14029 

0.00561 

O.OOÖ57 

0.14271 

Ö.00018 

O.63726 



TABZZ VI (Cont'd) 

Equilibrium Composition of the Products for tba M»thaao-Oxygen-Argon 
and Mathane-Oxygan-Htllum Sfratema at a Thearetioal Adlabatlo Plan» 

SSEEESSSES °* S2S-S SS SB5 Amoawiaw SSSSSSE5 

Datum Tasnpwoture 300°K 

03002231 TO METHAHE RATIO 

COg 

00 

OH 

% 

°2 
0 

H 

A op Ha 

JLO 

0.07^42 

0.00137 

os1*779 

0.00645 

0.00048 

0.225&T 

0.00190 

0.00016 

0.54155 

6.0 

O.O7876 

0.00122 

OslfJSSö 

0.00722 

0.00042 

0.3173S 

7.0 

0.00015 

0.43679 

0.0Q367 

0.00113 

0«16513 

0.00797 

O.OOO39 

0.42114 

8.0 

0.00015 

0.31783 

0.09904 

0.00106 

0.00873 

0.00037 

0.53693 

0.00294 

O.O0O14 

0.18541 

Jfcl 

0.096^5 

0.001C1 

0.19005 

0.00971 

0.00035 

0.69915 

0.00014 

0.00000 
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